Definitions and Pathophysiological Issues {#s1}
=========================================

Neuromuscular disease (NMD) is an umbrella term encompassing different categories of disorders affecting anterior horn cells, peripheral nerves, neuromuscular junctions, and skeletal muscles ([Table 1](#T1){ref-type="table"}). If we exclude diabetic neuropathy, when considered individually, NMDs are rare diseases, although overall involve a considerable population.

###### 

Neuroanatomical classification of neuromuscular diseases.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Lesion level**         **Hereditary**                                          **Acquired**                                                    **Abbreviation**
  ------------------------ ------------------------------------------------------- --------------------------------------------------------------- ------------------
  Anterior horn            Spinal muscular atrophy Amyotrophic lateral sclerosis                                                                   SMA\
                                                                                                                                                   \
                                                                                                                                                   ALS

                                                                                   Post-polio syndrome                                             PPS

  Nerve                    Charcot--Marie--Tooth disease                           \                                                               CMT\
                                                                                   Guillain--Barre syndrome\                                       GBS\
                                                                                   Chronic inflammatory demyelinating polyneuropathy\              CIDP\
                                                                                   Neuropathy with monoclonal gammopathy of unknown significance   \
                                                                                                                                                   \
                                                                                                                                                   \
                                                                                                                                                   \
                                                                                                                                                   MGUS

  Neuromuscular junction                                                           Myasthenia gravis\                                              MG\
                                                                                   Lambert--Eaton myasthenic syndrome                              LEMS

  Muscle                   Duchenne muscular dystrophy\                                                                                            \
                           Becker muscular dystrophy\                                                                                              DMD\
                           Facioscapulohumeral dystrophy\                                                                                          \
                           Limb--Girdle muscular dystrophies\                                                                                      BMD\
                           Emery--Dreifuss dystrophy\                                                                                              \
                           Oculopharyngeal muscular dystrophy\                                                                                     FSHD\
                           Myotonic dystrophy\                                                                                                     \
                           Pompe\'s disease\                                                                                                       LGMD\
                                                                                                                                                   \
                                                                                                                                                   EDD\
                                                                                                                                                   \
                                                                                                                                                   OPMD\
                                                                                                                                                   DM\
                                                                                                                                                   PD

                                                                                   Polymyositis\                                                   PM\
                                                                                   Dermatomyositis                                                 DM

                           Inclusion body myositis                                                                                                 IBM
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------

Even if muscle weakness is a typical finding in several NMDs, a heterogeneous clinical scenario characterizes these conditions involving different organs and systems. Moreover, severe functional implications occur, forcing affected patients to be wheelchair-bound in advanced stages. As a consequence, both the pathology itself and the complex clinical management lead to a huge economic and social impact, also because in most of cases NMDs affect young people.

Although muscle impairment represents the main determinant, bone damage could play a role in the functional prognosis and consequently in the level of quality of life. From both physiological and pathological points of view, muscle and bone are connected by various pathways and mechanisms. The bone--muscle cross-talk includes several biological factors that could affect bone metabolism in NMDs independently of mechanical load.

Muscle tissue releases specific molecules, called myokines, that could interact with bone through different pathways. Myostatin, a transforming growth factor-beta (TGF-β) superfamily member, is a growth and differentiation factor highly expressed in muscle in pathological conditions leading to muscle atrophy. At the same time, myostatin modulates bone metabolism, promoting osteoclast differentiation and inducing bone loss ([@B1]).

On the other hand, muscle contraction promotes the release of bone protective molecules, including irisin, which stimulates osteoblasts and inhibits osteoclast activities through the NFkB signaling pathway, increasing cortical bone thickness and reducing the risk of fragility fractures in osteoporotic women ([@B2], [@B3]).

In this scenario, other players have been identified, such as β-aminoisobutyric acid (BAIBA) and musclin, which might improve bone accrual and prevent bone loss by activating osteoblast precursors and by inhibiting osteoclastogenesis ([@B4], [@B5]). Interestingly, the complexity of the biological interaction between muscle and bone is further supported by the evidence that about 50% of patients with inclusion body myositis caused by valosin-containing protein (VCP) gene mutation develop Paget\'s disease of bone ([@B6]).

Indeed, the VCP protein is implicated in membrane trafficking to facilitate the ubiquitin proteasome system in its function to eliminate aberrant proteins, and it also has a role in autophagy-mediated protein aggregation with its dysfunction leading to pathological aggregates in bone, muscle, and brain. These findings suggest a putative genetic susceptibility to bone metabolic disorders in NMDs ([@B6]).

Karasik et al. ([@B7]) identified three main periods, where this link occurs, including embryonic life, the postnatal period (allometric growth), and adult life (homeostatic relationship). This conceptual model will guide our review addressing the relationship between muscle and bone in the most common NMDs. However, in this review, we cannot include diabetic neuropathy because of the complexity of the pathophysiological mechanisms underneath bone damage in diabetic disease that is beyond the scope of this review.

Epidemiology {#s2}
============

NMDs are rare diseases (prevalence \< 1/2000) that require challenging management strategies in terms of diagnostic and therapeutic approaches to address several clinical and functional issues ([@B8]).

Although our knowledge and the diagnostic tools in NMDs have been improved during the last decades, the prevalence of these conditions has not significantly increased compared with the past ([@B9]). However, myotonic dystrophy (MD) has doubled its prevalence, probably due to the use of more accurate genetic tests. The age distribution of NMDs is quite variable. Some of these diseases have early onset in childhood, such as Duchenne muscular dystrophy (DMD) and congenital muscular dystrophies, while amyotrophic lateral sclerosis (ALS), post-polio syndrome (PPS), Lambert--Eaton myasthenic syndrome (LEMS), and inclusion body myositis (IBM) have an onset in adulthood. However, some NMDs are characterized by a uniform age distribution, namely, Charcot--Marie--Tooth disease (CMT), Guillain--Barré syndrome (GBS), myasthenia gravis (MG), facioscapulohumeral dystrophy (FSHD), and MD. Regarding gender distribution, most NMDs equally affect men and women. Nevertheless, ALS, chronic inflammatory demyelinating polyneuropathy (CIDP), GBS, LEMS, DMD and Becker muscular dystrophies (BMD), and FSHD are more prevalent in males, whereas MG, polymyositis (PM), and dermatomyositis (DM) are more prevalent in females ([@B10]).

Although the prevalence of each NMD is very low worldwide, the early onset, the longer survival rates related to new available therapies, and the progressive worsening of the clinical conditions and physical performance impose a heavy social and economic burden. The costs of NMDs include medical expense, costs for the caregiver, and use of medical or external devices such as ventilators, orthoses, and wheelchairs for improving the clinical condition and the quality of life of affected individuals.

Per-patient medical costs for NMDs are more than double the estimated mean all-cause disability-associated healthcare expenditures ([@B11]) in particular, the costs are two times higher for DMD ([@B12]). The increase in healthcare costs depends not only on cardiorespiratory complications but also on bone damage along with a dramatic rise in costs related to fractures, particularly for patients affected by DMD who lose the ability to ambulate independently ([@B13]). The progressive loss of muscle power and strength and of the ability to stand up are associated with poor bone health and increased risk of falls, leading to higher rate of fragility fractures. For instance, in patients with spinal muscular atrophy (SMA), the prevalence of these fractures ranges from 9.3 to 46%, and they commonly occur at the distal femur ([@B14]). However, epidemiological data about fragility fractures are widely variable in various NMDs due to different patterns of disease progression. Indeed, in DMD patients, the prevalence of vertebral fractures (VFs), often undiagnosed, is estimated up to 30% commonly occurring in older, non-ambulatory patients, whereas limb fragility fractures (femur or tibia) affect from 20 to 60% of younger, ambulatory patients ([@B15]). However, VFs are strictly related to glucocorticoids (GCs) use considering that these drugs mainly affect the trabecular bone.

NMDs Involving Anterior Horn Cells {#s3}
==================================

SMA is a typical and clarifying example of anterior horn cells disease. This condition is an autosomal recessive disorder due to absence or low level of survival motor neuron protein codified by survival motor neuron genes (SMN 1 and 2) located on long arm chromosome 5. Homozygous deletion of SMN1 is diagnostic of SMA and the clinical variability depends on the SMN2 copy number that defines the level of protein produced ([@B16]).

Considering the embryonic period in the bone--muscle cross-talk, SMA genotypes characterized by deletions or point mutations regarding exons 6 and 7 of the SMN genes showed enhanced production of cytokines that stimulate the formation and activation of osteoclasts, resulting in increased bone resorption ([@B17], [@B18]). In the Smn^−/−^SMN2 mouse model, a notable decrease of bone mineral density (BMD) and caudal vertebra alterations along with pelvic fractures compared to wild types were reported. Similarly, prenatal SMA 0 patients showed a phenotype characterized by reduced bone mass mainly due to decreased load on the fetal skeleton through reduction of fetal movement ([@B19]). However, also in the postnatal and adult period of bone--muscle cross-talk, skeletal involvement in SMA is strongly correlated to the severity of the muscular impairment \[[Table 2](#T2){ref-type="table"}; ([@B14], [@B19]--[@B22])\].

###### 

Classification of clinical variant of SMA.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Type**                                    **SNM2 Copy Number**   **Onset**                                **Life Survival**           **Motor Milestones**                                   **Peculiar Findings**                 **Bone Involvement**
  ------------------------------------------- ---------------------- ---------------------------------------- --------------------------- ------------------------------------------------------ ------------------------------------- -----------------------------------------------
  **SMA 0**                                   1                      Prenatal                                 Weeks                       None achieved                                          Severe hypotonia\                     Generalized osteopenia\
                                                                                                                                                                                                 Respiratory distress at birth         Bone deformities

  **SMA I**\                                  2--3                   0--6 months                              Death prior to age 2        Sit with support                                       Bell-shaped deformity of the chest\   Lowest aBMD *Z*-scores at all skeletal sites\
  (Werdnig--Hoffmann disease)45% of cases                                                                                                                                                        "Frog-leg" lower limb posture\        Higher fracture risk\
                                                                                                                                                                                                 Feeding problems\                     Osteoporosis[^\*^](#TN1){ref-type="table-fn"}
                                                                                                                                                                                                 (suck and/or swallowing)              

  **SMA II**\                                 3                      \<18 months                              70% alive at age 25 years   Independent sitting achieved by 9 months or delayed\   Postural tremor of fingers\           Increased bone resorption markers\
  20% of cases                                                                                                                            Never stand or walk independently                      (minipolymyoclonus)                   Low aBMD *Z*-scores at the LS and the LDF\
                                                                                                                                                                                                                                       Fragility vertebral fractures

  **SMA III**\                                3--4                   IIIa 18 months−3 yearsIIIb 3--30 years   Normal                      Independent ambulation                                 No available data                     Increased bone resorption markers\
  (Kugelberg--Welander disease)30% of cases                                                                                                                                                                                            Low aBMD *Z*-scores at the LDF\
                                                                                                                                                                                                                                       Asymptomatic vertebral fractures

  **SMA IV**\                                 4 or more              Adulthood                                Normal                      Normal                                                 No available data                     No available data
  Less than 5% of cases                                                                                                                                                                                                                
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*According to 2015 ISCD pediatric criteria; aBMD, areal bone mineral density; LS, lumbar spine; LDF, lateral distal femur*.

Wassermann et al. reported low BMD in SMA patients, including one to three subtypes. In particular, patients affected by SMA 1, despite an initial improvement of lateral distal femur (LDF) BMD from 3 to 10 years old, exhibited BMD *Z*-scores declining during adolescence and, however, normal BMD values are never reached. On the contrary, patients affected by SMA 3 show a reduction of LDF-BMD later, as weight bearing declines. Furthermore, significantly increased fracture risk is reported in all subtypes, particularly for SMA 1, typically affecting lower limbs ([@B14]). A recent 36-month study investigating bone health in prepubertal SMA type 2 and 3 population showed low serum 25-OH vitamin D3 \[25(OH)D\], high serum parathyroid hormone (PTH), and bone resorption markers \[C-terminal telopeptide (CTx)\] with bone formation markers \[bone-specific alkaline phosphatase (BSAP)\] within normal ranges. Furthermore, low lumbar spine (LS) BMD and increased asymptomatic VFs were reported ([@B21]). In particular, Baranello et al. claimed that, in SMA patients, bone loss occurred regardless of muscle wasting, suggesting a multifactorial mechanism of bone involvement in this population.

Further studies are needed to define both the causes and the rate of progression of bone impairment in all subtypes of SMA patients. It would be interesting to investigate the efficacy of drugs (e.g., nusinersen) and gene therapy in improving bone density and preventing fragility fractures.

Beyond classic SMN1-related SMA, "SMA plus" or atypical SMA phenotypes, characterized by a distinct pattern of weakness and specific gene mutations, other than SMN, have been recently described. SMA plus includes some variants of antenatal SMA associated with skeletal abnormalities, in which arthrogryposis, osteopenia, and multiple fractures are typically present at birth associated with severe hypotonia ([@B23]). Fetal akinesia predisposes to multiple congenital contractures and contributes to abnormal intrauterine neuromuscular development ([@B24]).

For example, a premature variant of SMA with a mutation in two genes encoding part of activating signal cointegrator 1 (ASC-1) complex, a regulator of neuromuscular unit and probably of the adjacent bony structures, is responsible for congenital bone fractures ([@B25]).

NMDs Involving Peripheral Nerve {#s4}
===============================

A typical peripheral nervous system disease that can potentially involve bone at various stages of life is the hereditary motor and sensor neuropathy or CMT.

This condition, occurring early in the first to third decade, is characterized by alterations of proteins involved in the structure and function of the peripheral nervous system; it includes axonal, demyelinating, and dominant intermediate variants, with a homogeneous clinical phenotype ([@B26]). Patients with CMT manifest symmetric, distal motor neuropathy associated with muscle weakness and atrophy, areflexia, and distal sensory loss. For CMT, there are no existing data reporting its role in bone health during fetal development. Indeed, CMT typically begins in childhood, and lower limbs are more affected, making walking increasingly difficult. Beside the sensory-motor component, in CMT patients, several bone deformities (i.e., hip dysplasia and/or cavovarus foot) occur as well as a balance impairment resulting in increased risk of falls and fractures ([@B27]). There is little evidence of a role of CMT mutated genes during embryonic and postnatal periods. Therefore, children affected by CMT seem not predisposed to secondary osteoporosis, despite the muscle weakness, and to fragility fractures although bone deformities and balance impairment occur. On the other hand, in adult CMT patients, an increased fracture risk of 1.5-fold has been reported. Also, in this population, the increased risk of fractures mainly affects distal limbs and not the sites of major osteoporotic fractures (spine, hip, proximal humerus, and wrist). Nevertheless, fractures in adults with CMT are not considered depending on low BMD and are interpreted as high-energy trauma injury, occurring in the first year after diagnosis in uncommon osteoporotic sites (i.e., ankle, hand, foot) ([@B28]). Therefore, it is likely that even for adults with CMT, primary and secondary bone damage is not a determining factor for fracture risk, while muscle weakness and sensorial alterations are likely to affect gait performance and consequent increased risk of falls. Finally, no data are reported on the alteration of bone turnover and BMD during the time span of the disease.

NMDs Involving Neuromuscular Junction {#s5}
=====================================

Myasthenia gravis is an autoimmune NMD caused by autoantibodies against the acetylcholine receptor (AChR), and less frequently to MuSK protein (muscle-specific kinase) or the LRP4 (lipoprotein related protein 4), located on post-synaptic membrane of the skeletal muscles ([@B29]). Myasthenia gravis is characterized by an unexpected fluctuating clinical scenario with variable weakness distribution involving the ocular, bulbar, limb, and respiratory muscles ([@B30]). Considering the age of onset of clinical manifestation, MG is classified into juvenile MG (pre and post pubertal) and adult MG (early and late onset).

A significantly increased risk of osteoporosis in patients affected by MG has been demonstrated, with an HR of 1.52 in corticosteroid-naïve patients, whereas the corticosteroid-treated group had an HR of 2.37 ([@B31]).

Danikowski et al. hypothesized that enhanced bone resorption and myogenic proliferation inhibition in MG patients might be related to dysfunction of T-regulatory cells (Tregs) and overexpression of cytokines and chemokines, such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 10 (IL-10) ([@B32], [@B33]). Also genetic variants could be involved in the pathophysiological mechanisms of MG, resulting in heterogeneous phenotypes. A recent genome-wide association study of MG demonstrates the relationship between TNFRSF11A gene and MG. This gene encodes the receptor activator of nuclear factor-κ B (RANK) involved in both immune surveillance and osteoclastogenesis. In particular, mutations in TNFRSF11A are responsible for inherited forms of osteopetrosis and Paget\'s disease of bone and seem to be related to late-onset MG patients ([@B34]).

These data allow us to speculate on the primary bone damage that has been observed in the late-onset variant of MG associated with TNFRSF11A mutation. However, bone damage is associated with GC use in MG patients as well. Furthermore, in this population, a high incidence of vitamin D deficiency and increased serum levels of bone resorption markers (i.e., CTx) were reported ([@B35]).

While bone involvement in MG is well described in adults, particularly in GC users, two variants of MG characterized by bone damage occurring in embryonic and postnatal periods, such as congenital and neonatal myasthenia (NM), have been identified: congenital myasthenia is an autosomal recessive inherited disorder of the childhood, resulting from choline acetyltransferase (ChAT) deficiency and postsynaptic anomalies.

Neonatal myasthenia affects newborn of women with MG due to the passive transfer of maternal autoantibodies, which recognize fetal acetylcholine receptors. Neonatal myasthenia is transitory and symptoms disappear after a maximum of a few weeks when the antibody titer decreases ([@B36]).

Sometimes, newborns affected by NM could manifest arthrogryposis multiplex congenita (AMC) caused by lack of fetal movement *in utero* with consequent multiple joint contractures and growth retardation. Ultrasonography evaluation of long bones in fetuses with AMC shows a hypomineralization and hypoechogenicity of long bones with osteopenia to support the role of muscle hypotonia on bone development ([@B37]).

NMDs Involving Skeletal Muscle Structure {#s6}
========================================

A representative NMD involving skeletal muscle, characterized by genetic etiology and early disease onset, is DMD.

Duchenne muscular dystrophy is an X-linked disease caused by a mutation in the DMD gene that encodes dystrophin protein. Becker muscular dystrophy is an allelic X-linked variant of muscular dystrophy that leads to a reduction in dystrophin expression and a milder clinical phenotype ([@B38]).

In DMD, muscular impairment is symmetric and proximal, involving pelvic girdle that causes the classic clinical sign, Gower\'s maneuver, that indicates proximal lower limbs weakness ([@B39]).

Also, for DMD, the reduced biomechanical muscle strength and loss of independent ambulation cause bone alterations and secondary osteoporosis. In particular, structural changes at the myotendinous junctions, due to dystrophin complex alteration, are responsible for reduced force transmission and mechanical stimuli on bone tissue during muscular contraction with a detrimental effect on bone health ([@B40]). The main clinical consequences are bone fragility and higher risk of fracture. Because muscle weakness usually occurs at about 3--6 years old, in DMD patients, it is very likely that no bone damage is present at birth. Thus, we can believe that this disease interferes with muscle--bone cross-talk preferentially in the phase of allometric growth ([@B41]).

From a functional point of view, DMD children might not achieve or maintain the motor development milestones, and are compelled to use wheelchair in a few years. During the progression of disease, they became wheelchair-dependent usually at the age of 13 years with worsening of bone deformities and onset of scoliosis ([@B42]).

In association with mobility limitation, secondary osteoporosis in DMD patients is due to the prolonged use of GCs. This therapy is usually initiated at approximately 5 years of age, which has resulted in a significant improvement in the clinical and functional status, delaying the loss of independent ambulation. However, the use of deflazacort or prednisone at the dose of maximum 36 and 30 mg/day, respectively (0.75 mg/kg/day; 0.9 mg/kg/day), leads to a further worsening of bone health in terms of BMD and bone quality, through its direct and indirect effects ([@B38]). As a direct effect, GCs suppress bone formation by reducing osteoblast proliferation, differentiation, and function. GCs also influence the activity of osteocytes, mechanosensors of the bone, inducing apoptosis. Moreover, GCs increase the osteoclast activity and enhance the production of pro-inflammatory cytokines, such as IL-6. As an indirect effect, GCs inhibit gastrointestinal calcium absorption with a resultant fall in the ionized calcium concentration and the subsequent rise in serum PTH concentration. Finally, GCs play a role in the GH/IGF I axis and sex hormone axis, reducing IGF I and estrogen expression, respectively ([@B43]).

Fragility fracture risk in patients with DMD is significantly higher ([@B44]), with a fracture prevalence 5-fold higher compared with age-matched healthy young people (48 vs. 9%) with lower limb fractures (femur and tibia) more frequent in DMD. Most of the long-bone fractures in DMD patients are caused by low-energy trauma (i.e., fall from a standing position), an extremely rare condition in healthy young people. Long-bone fractures substantially contribute to functional and postural impairments, accelerating the transition to a wheelchair ([@B45]). Moreover, increased fracture risk of 75% (all skeletal sites) after 3 months of full wheelchair use has also been demonstrated ([@B46]). Finally, in GC-treated DMD patients, a moderate prevalence of symptomatic VFs (up to 40%) has been reported ([@B47]).

Joseph et al. showed a mean latency of 2.3 years to incur in symptomatic VFs after the beginning of the treatment ([@B48]). However, painful VFs are present in less than half of DMD patients, with these lesions frequently detected as asymptomatic incidental findings. Therefore, adequate follow-ups by performing spine radiograph are mandatory to have an early identification of the first fracture, as well as to monitor and prevent the occurrence of multiple VFs ("cascade fracturative"). Healthy children with VFs might show a spontaneous growing-mediated phenomenon, called vertebral reshaping, a vertebral restoration in height and width due to physiological bone remodeling. In children affected by several chronic illnesses such as DMD, the child\'s self-correcting reshaping mechanism fails to occur, but the administration of intravenous bisphosphonates (BPs) has been demonstrated to restore this process; therefore, when the fracture appears, antiresorptive drug treatment should start as early as possible ([@B9], [@B49]).

Further side effects of GC treatment are the impaired growth and delayed puberty due to hypogonadism caused by reduced testosterone serum level that compromises bone health ([@B50]). The role of testosterone on bone health is well established; direct and indirect mechanisms are mainly involved ([@B51]). First, low level of androgens causes muscle weakness that reduces mechanical stimulation on bones ([@B52]). Secondly, reduced activation of bone androgen receptor by testosterone has a negative impact on the expression and function of the all three lines of bone-related cells (osteoblast, osteoclast, and osteocyte), resulting in an overall bone loss. Testosterone is also partially converted via aromatase into estrogens that play a crucial role in peak bone mass acquisition and in periosteal bone expansion during puberty in men ([@B53]).

NMDs Involving Skeletal Muscle Metabolism {#s7}
=========================================

In the context of metabolic myopathies, Pompe\'s disease (PD) is an inherited NMD associated with low BMD and increased risk of fracture.

Pompe\'s disease is an autosomal recessive lysosomal storage disorder (LSD) due to mutations that cause reduction or absence of acid α-glucosidase (GAA gene on chromosome 17). This enzyme is ubiquitous in the body, and its reduction in activity leads to a progressive accumulation of glycogen within the lysosomes, and later between myofibrils, contributing to the clinical phenotype of skeletal, cardiac, and respiratory muscle involvement ([@B54], [@B55]). Two main forms of PD are described: infantile onset (IOPD, classic and non-classic variants) and late onset (LOPD), different in terms of organ involvement and the rate of progression. Severe muscle weakness and cardiac involvement characterize IOPD; on the contrary, a slow progression of limb--girdle muscle weakness and a respiratory dysfunction are typical of LOPD ([@B56]).

In both the PD variants, bone health is largely compromised, predisposing to an increased risk of osteoporosis or low bone mass for chronological age, strongly correlated to reduction of muscle strength ([@B57]).

In IOPD, severe muscle wasting negatively influences bone health in early phases of skeletal development, particularly at cortical sites, and consequently is associated with a higher risk of long-bone fractures ([@B58]). On the other hand, evidence of a higher prevalence of fragility fractures in LOPD patients is limited.

Exact pathogenetic mechanisms underneath muscle and bone relationship in LOPD patients are still unknown. These patients have different patterns of muscle involvement, commonly characterized by weakness of paravertebral, hip flexor, and knee extensor muscles that results in poor mechanical load applied to the spine and the proximal femur ([@B59]). The clinical phenotype of muscle impairment might explain the site-specific BMD loss (i.e., at LS and/or femoral neck). van den Berg showed a decreased BMD particularly in non-ambulatory and ventilator-dependent patients (54 vs. 15% in ambulant subjects) ([@B58]). The authors found a statistically significant positive mild-to-moderate correlation between total body less head (TBLH) BMD and proximal muscle strength of both the upper (*r* = 0.37) and lower extremities (*r* = 0.43). Moreover, this study suggested a putative role of prolonged inactivity and immobilization as risk factors for bone loss in these patients ([@B58]). These data were confirmed by Khan et al. who analyzed bone microarchitecture using high-resolution peripheral computed tomography (HR-pQCT) at two standard skeletal sites, distal radius and distal tibia ([@B60]).

Bertoldo et al. showed that asymptomatic and atraumatic VFs occur frequently in LOPD patients. However, the authors did not find any relationship between muscle function \[assessed by Medical Research Council Scale (MRC), 6-min walking test (6MWT), and Gait, Stairs, Gower and Chair score (GSGC)\] and BMD or biochemical markers of bone metabolism. No difference in muscle function, respiratory parameters, and serum 25(OH)D between patients with or without morphometric VF was also reported. Therefore, the authors conclude that bone involvement seems to be independent from muscular phenotype and vitamin D status in patients with LOPD ([@B61]).

With the introduction of the enzyme replacement therapy (ERT), the course of disease has been strongly modified, in particular for the IOPD variant, improving both muscle and respiratory functions. Otherwise, tangible effects of ERT in terms of improving bone health are poorly supported ([@B62], [@B63]).

To date, bone damage in PD is considered a consequence of muscle atrophy and reduction of weight bearing and load; furthermore, taking into account the severity of bone involvement in IOPD, a potential intrinsic bone mechanism directly linked to metabolic degeneration itself or to lysosome storage alteration is suggested.

Bone Health Assessment in NMDs {#s8}
==============================

In the multidisciplinary and comprehensive management of patients affected by NMDs, the assessment of bone health status through clinical, instrumental, and laboratory testing should be integrated as a mandatory component in the evaluation of muscle impairment and functional independence.

Bone health screening in NMDs should include:

\- Laboratory exams of bone metabolism such as serum and urinary calcium and phosphorus, serum parathyroid hormone (PTH), 25(OH)D, and alkaline phosphatase (ALP) (at the diagnosis and every 12 months);

\- Imaging: lateral thoracolumbar spine radiographs at least every 12--36 months, taking into account drug therapy with detrimental effects on bone health (i.e., GCs), which require closer follow-ups. However, in case of referred low back pain, history of recent trauma, or spine BMD *Z*-score decline \>0.5 SD in serial follow-ups, lateral thoracolumbar spine x-ray should be taken, to assess VFs.

\- Dual-Energy X-ray Absorptiometry (DXA) to measure BMD and bone mineral content (BMC) considered as *Z*-score for children and *T*-score for adults over 50 years old and postmenopausal women (at the diagnosis and at least every 12 months). According to the International Society for Clinical Densitometry (ISCD), skeletal health assessment in children (between 5 and 19 years old) consists of DXA evaluation including posterior--anterior (PA) spine and total body less head (TBLH) scans for BMC and BMD measurements. However, these skeletal sites may not be suitable for densitometric assessment for all children affected by clinical conditions adversely involving bone health. Therefore, in recent ISCD Official Positions, additional DXA scans (proximal femur, PF, LDF, and distal forearm, DF) as well as the role of vertebral fracture assessment (VFA) were thoroughly evaluated for utility, applicability, and ability to assess skeletal health and to predict fragility fractures in selected pediatric patients ([@B44]). Indeed, for many children with NMDs with poor ambulatory status and at risk of bone damage, these additional DXA scans are useful when TBLH or LS scans are not feasible (i.e., positioning issues, severe scoliosis).

Moreover, the occurrence and identification of spine fractures remain critical issues for skeletal health in individuals at risk of poor bone strength, including NMD patients. However, the most recent generation of DXA scanners provides a better resolution of lateral spine imaging compared to the past, thus allowing a safer bone health monitoring, by minimizing radiation exposure of children affected by NMDs.

The presence of at least one vertebral fragility fracture is sufficient for definition of osteoporosis in children. Moreover, an alternative diagnostic criterion in the same population includes densitometric assessment, namely, BMD *Z*-score ≤ −2.0 SD, combined with a clinically significant history of fracture (two or more long-bone fractures by 10 years of age and/or three or more long-bone fractures up to 19 years); BMD *Z*-score ≤ −2.0 SD without a history of fractures should be defined as low BMD for age and gender ([@B64], [@B65]). In men younger than 50 years or premenopausal women, the ISCD recommends the use of *Z*-scores; diagnosis of low BMD in this population is defined by a *Z*-score of ≤ −2.0 SD (the term "osteoporosis" should be avoided in these cases) ([@B66], [@B67]). In postmenopausal women and in men aged 50 years and older, osteoporosis may be appropriately diagnosed when LS, total hip, or femoral neck *T*-score is ≤ -2.5 SD (BMD that lies −2.5 SD or more below the average value for young healthy individuals) ([@B68]).

Diagnosis of osteopenia includes LS, total hip, or femoral neck BMD *T*-score between −1.0 and −2.5 SD ([Table 3](#T3){ref-type="table"}) ([@B69]--[@B73]).

###### 

Bone health assessment in NMDs.

                     **NMDs**                               **Bone turnover markers**                         **DXA**                                           **Lateral toracolumbar spine radiograph**
  ------------------ -------------------------------------- ------------------------------------------------- ------------------------------------------------- -------------------------------------------------
  SMA (types 1--4)   Sitters                                At the diagnosis and every 12 months              At the diagnosis and every 12 months              [^\*^](#TN2){ref-type="table-fn"}If symptomatic
                     Non-sitters                                                                                                                                
  CMT                At the diagnosis and every 12 months   At the diagnosis and eventually every 24 months   Not required                                      
  MG                 On GC                                  At the diagnosis and every 12 months              At the diagnosis and every 12 months              [^\*^](#TN2){ref-type="table-fn"}If symptomatic
                     Not on GC                                                                                At the diagnosis and eventually every 24 months   
  DMD                On GC                                  At the diagnosis and every 12 months              At the diagnosis and every 12 months              Every 1--2 years
                     Not on GC                                                                                                                                  Every 2--3 years
  PD                 IOPD                                   At the diagnosis and every 12 months              At the diagnosis and every 12 months              [^\*^](#TN2){ref-type="table-fn"}If symptomatic
                     LOPD                                                                                                                                       

*Presence of back pain or suspected vertebral fractures*.

For the assessment of bone health in NMDs, nutritional assessment is advised, in particular for the pediatric population ([@B74]).

Nutrient requirement is different during the course of life, and monitoring their intake is useful also to better prevent underfeeding or overfeeding. Nutritional calcium intake, through specific questionnaires available online (<https://www.iofbonehealth.org/calcium-calculator>), is mandatory for bone health assessment, especially in NMDs.

Finally, sunlight exposure of a patient affected by NMD should be investigated, considering that 80% of vitamin D is produced by the skin under sunlight irradiation.

Therapeutic Opportunities {#s9}
=========================

Non-pharmacological Therapies
-----------------------------

Therapeutic management of patients affected by NMDs should take into account many clinical features that occur during the disease. Novel therapies available and better clinical approach to these patients lead to longer survival, allowing the observation of additional clinical issues previously poorly reported, in particular the progressive decline of bone health. Therefore, a tailored approach has to be implemented in terms of prevention and treatment of bone complications. Of prime importance, patients with NMDs should adopt a healthy lifestyle from as early an age as possible with the objective to optimally preserve musculoskeletal health. In this context, healthy lifestyle includes nutrition, sun exposure, and physical activity.

Nutrition has a pivotal role in musculoskeletal metabolism. In several NMD conditions, overnutrition is a major issue caused by an excess of caloric intake. The use of some drugs, such as corticosteroids (e.g., DMD patients), leads to an increased appetite, and the compassionate attitude of the caregiver could significantly contribute to weight gain ([@B74]). On the other hand, undernutrition is more common in severe and advanced stages of different NMDs due to dysphagia, delayed gastric emptying, prolonged mealtime, and constipation, all of them related to progressive muscle weakness ([@B75]). Therefore, an adequate caloric intake is mandatory in each stage of NMDs taking into account the proper proportion between protein and complex carbohydrates ([@B76]). A calcium-rich diet based on dairy products is strongly suggested, with a calcium intake of at least 1300 mg/day in patients aged 9--18 years, and 1000 mg day between 19 and 50 years old. The recommended dose of vitamin D for infants and children aged 0--1 year is at least 400 IU/day, while in children aged 1--18 years and in adults, the recommended dose is 600 IU/day ([@B77]). When patients do not reach the suggested intakes, it is necessary to consider calcium and vitamin D supplementations. Vitamin D status that requires supplementation in children is still debated; the Institute of Medicine (IOM) suggests serum 25(OH)D \<20 ng/ml as threshold to start treatment, which is also the same recommendation to initiate treatment for adults ([@B78]).

Vitamin D supplementation is usually provided by cholecalciferol administration. However, in obese patients, particularly those treated with corticosteroids, higher doses of vitamin D are needed because of low bioavailability ([@B79]). Moreover, NMD patients usually receive other drugs metabolized in the liver by the CYP system involved in the hydroxylation of native vitamin D (e.g., corticosteroids and β-blockers); therefore, the use of calcifediol, a hydroxylated metabolite of vitamin D3 with higher bioavailability that does not require hepatic activation, should be considered. Furthermore, calcifediol is usually recommended in patients with malabsorption or hepatic disease, and when a rapid increase in serum 25(OH)D is required.

In patients affected by DMD, calcifediol administration at the dose of 0.8 mcg/kg daily per os plus adjustment of the dietary calcium intake, at least 1,000 mg/day, demonstrates a statistically significant increase of BMC and BMD in over 65% of patients and normalization of bone turnover markers (BTMs) in most patients (78.8%) ([@B80]). Therefore, periodic screening of the serum 25(OH)D is strongly suggested to monitor and, if indicated, adjust the supplementation of vitamin D. At the same time, it is possible to suggest a main role of vitamin D supplementation in the management of bone metabolism disorders in other NMDs. Moreover, considering the detrimental effects of vitamin D deficiency on muscle performance ([@B81]) as well as the encouraging data supporting calcifediol use for improving muscle function in different populations ([@B82]), a putative beneficial role of vitamin D administration on skeletal muscle in NMDs has been hypothesized. Indeed, Karam et al. found an improvement of functional parameter in patients with ALS treated with high dose of cholecalciferol ([@B83]), although these results are not confirmed by a successive study ([@B84]).

Physical activity (PA) should be considered a cornerstone for the prevention and treatment of bone alterations in patients affected by NMDs. Despite the lack of evidence about the role of exercise on improving bone health in NMDs, the benefits of a tailored exercise program can be assumed.

Physical activity has a role in stimulating osteoblast bone formation and reducing osteoclast-mediated bone resorption through biological pathways modulated by mechanical loading ([@B85]). In particular, PA enhances attaining peak bone mass in childhood and adolescence, and contributes to bone turnover in adulthood ([@B86]). According to the WHO recommendation, children should perform PA for at least 60 min each day ([@B87]); however, most of NMD patients, even in the early ambulatory stages, do not reach these levels of PA ([@B88]).

Starting adequate PA as early as possible, considered as more than 3,000 accelerometer movement counts per minute ([@B89]) (about 5 metabolic equivalents, METs, corresponding to normal walking speed in children) ([@B90]), results in an improvement of 7 and 5% for the spine, and 6 and 4% for hip at 3 and 6 years, respectively, in terms of BMC ([@B91]). In patients with NMDs, dynamic low-moderate intensity weight-bearing exercises (i.e., walking) that result in greater gains in bone tissue compared to static activities are strongly recommended ([@B92]). There is no evidence that performing high-intensity exercise provides greater benefit than performing moderate-intensity exercise; on the contrary, NMD patients should avoid heavy exercises to prevent fatigue ([@B93]). In DMD patients, strengthening exercises, such arms and legs cycle in 30-min sessions (15 min for arms and 15 min for legs), 5 days per week, reduce muscle disuse atrophy and excessive functional loss ([@B94]).

Moreover, balance disorders are frequently reported in patients with NMDs. In particular, it has been demonstrated that patients with proximal muscle weakness (i.e., DMD) show more difficulties in static balance, while patients with primarily distal muscle involvement (i.e., CMT) show more difficulties in dynamic balance. Exercises to maintain muscle strength that improve balance when performing both static and dynamic activities reduce the risk of fall ([@B95]).

Pharmacological Therapies
-------------------------

### Bisphosphonates

In association with a proper lifestyle, with the aim to improve bone strength and reduce the risk of fractures, the use of pharmacological treatment is advisable. Anti-osteoporotic drugs, such as BPs, are widely used in postmenopausal and GC-induced osteoporosis (GIO). Bisphosphonates have a high affinity to bone tissue, and they are capable of inhibiting bone resorption in humans, mainly leading to osteoclast apoptosis with different mechanisms of action ([@B96]). The use of antiresorptive drugs has been already investigated in children; in particular, BPs have been demonstrated to have efficacy and safety in patients affected by other rare diseases, such as Paget disease of bone ([@B97], [@B98]), osteogenesis imperfecta (OI) ([@B99]), β-thalassemia ([@B100]), and overall secondary osteoporosis in children ([@B101]). Limited evidence supports the use of BPs in NMDs. To date, an abstract recently presented at the 101st Annual Meeting of the Endocrine Society including four children affected by SMA on intravenous BPs therapy ([@B102]) showed no significant change in BMD at 1 year follow-up; the authors also reported some mild adverse events and one atypical femur fracture. In MG, the use of oral alendronate (70 mg/week) in a patient under GC treatment improved the LS BMD of 3.4% after 12 months without side effects ([@B103]). However, caution should be paid for possible exacerbation of MG symptoms, such as muscle weakness and extreme fatigue, after drug administration ([@B104]).

In a case report of an osteoporotic patient, symptoms of MG were exacerbated by the administration of risedronate ([@B105]); however, the exact mechanism underneath this pathological condition remains unclear.

Recent care recommendations endorse the use of intravenous BPs as first-line therapy for the treatment of osteoporosis in DMD patients with fragility fractures of the spine or long bones ([@B72], [@B106]). Moreover, the administration of oral alendronate or risedronate ([@B107]) and intravenous pamidronate or zoledronic acid ([@B106]) seems to reduce back pain in patients affected by VF. The role of BPs for primary prevention of fragility fractures in DMD as for the other NMDs is still debated.

Denosumab
---------

Denosumab (Dmab), a fully human IgG2 monoclonal antibody that neutralizes the receptor activator of nuclear factor kappa-B ligand (RANKL), is the most potent antiresorptive agent available in clinical practice. It blocks the interaction between the cytokine and its receptor (RANK), inhibiting osteoclast-mediated bone resorption. Approved by the FDA for postmenopausal osteoporotic women at high risk of fracture, Dmab reduces the risk of vertebral and non-vertebral fractures compared to placebo ([@B108]) and improves BMD compared to BPs ([@B109]).

To the best of our knowledge, few anecdotal studies demonstrate the effectiveness of Dmab in NMDs.

A case report in a 14-year-old patient affected by SMA II showed an improvement of LS BMD of 19% after 6 months of 60 mg s.c. of Dmab without adverse effects ([@B110]). The same dosage of Dmab increased significantly LS BMD (about 16%) at 12 months in a 13-year-old boy with DMD and GIO ([@B111]).

Teriparatide
------------

Teriparatide is a recombinant human parathyroid hormone 1--34 (rhPTH 1--34) stimulating bone formation. It is widely used in postmenopausal women at high risk of fracture and in GIO ([@B112]). Despite its potential benefits, in particular on trabecular bone in NMD patients with VF on GC therapy, its use is reserved for selected patients. In particular, the safety of teriparatide has not been established in pediatric patients due to the high risk of osteosarcoma ([@B113]). However, to date, a single case report shows improvement of the LS *Z*-score BMD, back pain, and quality of life in a DMD patient with multiple VFs in GC treatment after the administration of 20 mcg once daily of s.c. teriparatide ([@B114]).

Conclusions {#s10}
===========

NMDs are a group of disorders characterized by skeletal muscle wasting that usually affect different organs and systems, including bone. Muscle--bone cross-talk plays a key role in the pathophysiological mechanisms that result in predictable clinical phenotypes. However, this relationship is often underestimated until a fracture occurs. Instead, it is essential that the biological and functional link between muscle and bone is investigated across the three phases of bone development, including the embryonic life, the postnatal period, and the adult life. Physicians who treat adult patients with NMDs with chronic GCs should consider the administration of anti-osteoporotic medications to prevent fragility fractures, although no such formal recommendation currently exists for pediatric patients.
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